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By Harvey A. Cook, Jack E, Vandemaiij and 
Kenneth D. Brown 



SUMARY 

Object . - To determine the effect of several methods of 
increasing the knock-limited power on critical cylinder ten^era- 
tures. 

Scope . - The knock-limited indicated horsepower and the cyl- 
inder temperatures were determined for a Vfright R-2600-8 cylinder 
■under the follovjing engine operating conditions: 



Operating condition , Basic value Range studied 



Fuel-air ratio 


0.075 


0.05U to 0.117 


Inlet-air temperature, *^F 


200 


82 to 312 


Water-fuel ratio 


0,0 


0.0 to 0.6 


Cooling-air pressure drop Ap 


15 


5 to 30 


across cylinder, in. water 






Engine speed, rpra • 


2100 


1500 to 2500 


Spark advance, both plugs. 


20 


1$ to kO 



deg B.T.C. 



Each operating condition was varied in turn over ihe range listed 
while the other quantities were maintained at the basic values. 
At these basic operating values, the knock-limited indicated 
horsepower was approximately 128. The follo^ving temperature 
measurements are given; rear spark-plug bushing, middle rear 
barrel, exhaust-valve crovjn, front spark-plug electrode, rear spark- 
plug electrode, and exhaust gas. The data presented relate the 
knock-limited indicated power and the engine temperatures. 

Summary of results . - The results are siammarized in the 
following table: 
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Value at iThich mayimum 


JiaxiuraiTi 


Engine temperature, "^F 


knock- limited povjer 


knock- 


riear 


iiiiQuxe 


xujcnausx-— 


Kear 


7/as recorded for each 


limited 


oparK" 


rear 


valve 




operating condition 


indicated 


plug 


barrel 


croY/n 


plug 




horsepoTiver 


bushing 






electrode 


Basic value (approx. ) 


1Z8 


U22 


'327 


12^5 


1151 


Fuel-air ratio 3 0,09 


li|.0 


li03 




1172 


106U 


Inl*t-air temperature, 

82° F 




h30 


338 


1250 


1160 


"Vater-fuel ratio, 0,6 


166 


363 


322 


1180 


101-9 


Cooling-air pressure 




597 


308 


1260 


1155 


drop Ap, 50- in. vrater 












Engine speed, 2^00 rpm 


llil 


U37 


336 


1285 


1170 


Spark advance 3 


150 


^27 


333 


1270 


11^2 


15° 3.T.C, 













Conclusions . - Within the scope of the tests, the follov/ing 
conclusions are of particular interest: 

1, From the consideration of external and internal cylinder 
temperatures, the most satisfactory method of increasing the knock- 
limited poT/er was by internal cooling with v;ater and the least 
satisfactory ua.s by increasing the engine speed. 

2. As the knock-limited power v/as increased by lowering the 
inl-it-air temperature, neither the external nor the internal cyl- 
inder temperatures were appreciably increased. 



BJGSODUCTION 

TiYO of the factors that determine the pov/er limit of an air- 
cooled aircraft engine are the cooling requirements of the engine 
and the knock limit of the fuel in relation to the engine. Assuming 
n particular fuel, an increase in knock- limited povrer may be effected 
through the change of several engine conditions, of v^hich the most 
important are: 

Fuel-air ratio 
Inlet-air temperature 
Internal coolant 
Cooling-air f lovj 
Engine speed 
Spark timing 
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In evalpjation of each of these six conditions on the hasis of 
engine knock, consideration must "be given to their effect on cyl- 
inder temperatures at knock-limited power. Two sets of cylinder 
temperatures are of interest - external and internal. The exbernal 
temperatures are used in flight to determine whether the engine is 
adequately cooled. The limiting values of thesij! temperatures are 
"based on the 33ianuf acturer • s specifications for safe operation of 
the engine. Certain internal cylinder temperatures, namely, the 
exhaust valve (reference 1) and the spark-plug electrodes hear no 
direct relationship to the external cylinder temperatures. These 
temperatures are important because of their relationship to engine 
durahility and hecauee they are potential sources of preignition 
if the temperatures are not adequately controlled. Data on the 
relation of cylinder-head temperatures to knock-limited power have 
"been presented to the Coordinating Be search Council hy Pratt 85 
T'/hitney Aircraft Corporation. The effects of internal coolants on 
knock-limited and temperature-limited power are given in reference 2. 

In the present report, tests are described in which the knock- 
limited power ^m3 determined as a function of each of the previously 
listed six engine conditions. For each test the following tempera- 
tures are presented: rear spark-plug hushing, middle rear "barrle, 
exhaust-valve croi-m, front spark-pliig electrode, rear spark-plug 
electrode, and exhaust gas. 

This investigation was conducted in Ncvemher 1943 at the 
Aircraft Engitie Research Laboratory of the MCA at Cleveland, Ohio. 

APPASATIB A3!3I> PEOCEDUiffl 

The data for this report were obtained on a V/right E- 2 600- 8 
front-row cylinder fitted id-th standard baffles and mounted on a 
CUE crankcase (figs. 1 and 2) . A StancaJL pickup unit and an oscil- 
lograph were used for indication of knock. 

The cylinder temperatures were measured by thermocouples 
located as shoi-m in figure 3. Only the temperatures listed in the 
preceding section are presented becaijse they are considered to 
represent the critical locations. 

The resir spark-plug-bushing temperature ms measured by an 
iron-constantan thei^mocouple peened into a hole drilled 1/4 inch 
deep along the bushing threads. Iron-constantan thermocouples on 
the barrel were spot-welded to the outside surface between the fins. 
Tho chromel-aliMel thermocouples in the spark plugs were poened in 
holes drilled in the center electrode to iri.thin I/I6 inch of the 
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combustion- chamber end of C^US spark plugs. The method of installing 
a thermocouple in the exhaust-valve crovm was similar to that 
reported in reference 1. An iron-constantan thermocouple was formed 
by iielding a constantan v/ire in the end of a stainless-steel tube 
that Vv-as inserted through a hole drilled in the tip of the valve 
stem. The thermocouple was inserted in a hole drilled to mthin 
1/16 inch of the outside surface of the crovTn and the valve was 
sealed with the original amount of sodium. The exhaust-gas thermo- 
couple was located in the center of the exhaust-gas stream in an 
Inconel tube extending across the exhaust stack at ihe flange. 

In the tests vfith an internal coolant, a continuous spray of 
vj-ater vms injected at a pressure of 100 pounds per square inch 
through the intake-manifold primer hole (fig. h) * 

During the tests all of the engine operating conditions were 
held constant except the inlet-air pressure and the condition being 
tested. For each test the condition vras changed and the inlet-air 
pressure was increased until incipient knock was encountered. The 
range over viiich each condition v/as varied (table 1) was detemined 
by rough operation, limitations of the equipment, or maximum cyl- 
inder temperatures recommended for take-off power {U^O^ F for the 
rear spark-plug bushing). 

TABLE 1. - EHGIiTE OPERATING COMDITIONS, BASIC 
VALUES, AiJD RArJGE STUDIED FOR EACH 

[Fuel, AM-F-285 oil- in temperature, 185^ F; cooling-air 
temperature, 85^ Fj compression ratio, 6.50 



Operating condition 


Basic 
value^ 


Range studied 


Engine speed, rpm 
Goiiibastion-air teiriperature , °F 
Cooling-air pressure drop Ap 
across cylinder, in. water 
Spark advance, both plugs, d^3g B.T.C. 
Fuel-air ratio 
7yater-fuel ratio 


2100 
200 
15 

20 
0.075 
0.0 


1500 to 2500 
82 to 312 
5 to 30 

1^ to ij.0 
0.051+ to 0.117 
0.0 to 0.6 



The value at ivhich the engine condition was held constant 
during tests of each of the other conditions. 
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RESULTS 

Engine Performance at Knock-Limited Povv'er 

The change in knock-limited power with a variation in the 
different operating conditions is shown in figure 5* The knock- 
limited indicated horsepovxer at the basic conditions T7as 126 except 
for the runs during the v/ater-injection tests, for T^iich it was 131» 
Because of some possible action of the injected v/ater in removing 
cylinder deposits or some other effect, the basic condition for the 
water-injection tests ("iiv/F = 0) resulted in 5 horsepower more than 
did the basic conditions with the other tests. Of the several 
methods of increasing the knock-limited power and for the range of 
each condition investigated, water injection permitted the highest 
poTK-r and lov/ering the inlet-air temperature the next highest. 

The variations of indicated specific fuel and liquid consump- 
tions, inlet-air pressure, and coinbustion-?ir flov/ with indicated 
horscpo»/er are shown in figure 6 for all test conditions. From this 
figure it may be seen that, upon varying any of the conditions 
except fuel-air ratio or spark advance, the indicated specific fuel 
consumption remained practically constant. For v/ater injection the 
indicated specific liquid consumx^tion increased. Higher inlet-air 
pressures vrere required for increased power with water injection 
than with lowered combustion-air temperature. The curves of 
combustion-air f lo\f shov; a straight-line relation with indicated 
horsepovrer except for the fuel-air-ratio and the spark-advance tests. 



Engine Temperatures at Knock-Limited Pov/er 

The quantities designated AT in this report are the differ- 
ences betv/een the temperature in question and the cooling-air tem- 
perature, v.hich was held constant at 8^° F. The relation of 
cylinder temperatures to knock- limited indicated horsepower is 
sho'kvn in figures 7 to 12 for the ranges of operating- conditions 
shown in figure ^, 

Fuel-air ratio . - Through a range of fuel-air ratios from 
0,066 to 0.09, the varidtion in engine temperatures was small even 
though the knock-liraitod indicated horsepov/er increased 25 percent. 
For this range of operation the increased cooling of the gasss 
through mixtur-e enrichment nearly compensated for the increased 
heat load caused by the rise in po'.ver, Tlie exhaust-gas temperature 
reached a maximum at a fuel-air ratio of 0,056, 

At miritures leaner than 0.066 or richer than about 0,08, con- 
siderable change in the engine temperatures occaarGd v/ith little change 
in the loiock-limited indicated horsepower, as shoTO in table 2. 
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TABLE 2 



MFEGT OF ITUEL-AIR EATIO AT CGNSTADIT 'VALnES OF KEOCK-LIMITIiS) 
IKDICATED H05SEP0VJER Oj!I CTiLIMIiER T2MPERATURES, SPECIFIC 
FUEL AED AIR COHSUMPTIONS^ AITD MAJflFOLD PEESST]RE 



Fuel- 




Teaaperat'ore 






Indi- 


Indi- 




air 


Rear 


Middle 


Exhaust 


Rear 


Front 


cated 


cated 


fold 


ratio 


spark- 


rear 


valYe 


spark- 


spark- 


specific 


specific 


pres- 




plug 


barrel 




plug 


plug 


fuel 


air con- 


sure 




bush- 






elec- 


elec- 


consump- 


sumption 


(in. Hg 




i2ig 






trode 


trode 


tion 


(Ib/hp- 


absolute) 














(Ib/hp- 


hr) 














hr) 







Sncck-limited indicated horsepover, 135 



0.08 


423 




324 ! 1267 ■ 


1132 


1131 


0.46 


5.74 


51 


.107 


361 




304 j 970 


S15 


879 


.66 


6.15 


54 


Enock-liiaited indicated horsepovor, 108 


0.066 


408 




317 1 1285 


1115 


1113 


0.37 


5.76 


42 


.055 


370 




301 1 1130 


958 


950 


.38 


6.75 


48 



Tvo values of knock-limited indicated horsepower are tabulated, one 
in the rich and one in the lean region. The data indicate the 
degree to ^-rhich engine cooling, together id-th knock control, can be 
accomplished through mixture enriching at high fuel-air ratios and 
through mixture leaning at loir fuel-air ratios. In the rich region, 
this engine cooling is accomplished, at the expense of indicated, 
specific fuel and air consumptions and, in the lean region, at the 
expense of indicated specific air consioaption. 

For a more complete evaluation of these data the information 
should, be translated, into terms of brake specific fuel consimption 
and. effect of decreased, engine temperatures on cooling horsepo^rer 
under flight conditions. The uniformity of mixture distribution 
in relation to the ability of the engine to be operated at a mix- 
ture ratio of 0.055 is also of importance. For the data in the rich 
region the relationship, as tabulated, is dependent upon the effect 
of the engine operating conditions on the peak of the knock-limited 
curve and on the slope of the curve on each side of the peak. In 
the lean region the fuel-air ratio at which the minimum knock-limited 
indicated horsepower occurs is independent of the engine operating 
conditions but the slopes of the curve are not. 

Inlet -air temperature . - The 50-percent increase in knock-limited 
indicated horsepower permitted by decreasing the inlet-air temper- 
ature from 312*^ F to 82° F was not accompanied by excessive engine- 
temperatui-e increases; the external cylinder temperatures increased 
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about 2^*^ F and the internal cylinder temperatures about 7^° f or 
less. The temperat-ure of the exhaust-valve crown reached a maxirauin 
at an inlet-air temperature of about 200^ F. The data indicate that 
increasing the knock-limited power "by the use of an after cooler will 
not greatly increase the external-cooling requirements of the engine. 
The cooling requirements of the aftercooler are not considered here. 

Y;ater injection , - The use of v/ater as an internal coolant over 
the range tested permitted a 27-percent increase in knock-limited 
power for a ^/^.-percent increase in indicated specific liquid con- 
sumption (the indicated specific fuel consumption remained constant). 
This increase in knock-limited power was accompanied by a decrease 
of 1^^ F in the barrel temperature, 70*^ F in the rear spark-plug 
bushing temperature^ and about 1'40*^ F in the internal cylinder tem- 
peratures. The decreased engine temperatures v/ould permit a decrease 
in the external cooling of the engine. The decrease in the internal 
cylinder temperatures is of interest because of the difficulty of 
cooling these locations through external-cooling methods. 

Cooling-air flovf . - Increasing the cooling-air pressure drop 
from 5 to 30 inches of water permitted an increase of 23 percent in 
"the l<riock-limited power -v.dth a marked drop of the external temper- 
atures but with little change of the internal temperatures. 

In evaluation of the data in relation to the airplane in 
flight, two factors must be considered: the pressure drop available 
and the cooling horsepov/er required as a function of the pressure 
drop. 

Engine speed , - Of all the methods presented to increase the 
knock-limited povver, increasing the engine speed T7as the least sat- 
isfactory from the consideration of engine temperatures. All cyl- 
inder temperatures, both external and internal, increased approxi- 
mately linearly with the increase in knock-limited poiTer. These 
increases in external temperatures v;ould be reflected in practice 
by an increase in the coolitig horsepovfer required to keep the 
external temperatures v/ithin operating limits; the internal temper- 
atures measured vrould be little affected by increasing the external 
cooling of the cylinder. 

Spark timing . - Retarding the spark timing from 20^ to 15° B.T.C. 
for both plugs resulted in a slight increase in knock-limited povjer 
TJith only a very small change in the cylinder temperatures. Advancing 
the spark timing from 20° to i+O'^ B.T.C, for both plugs resulted in a 
reduction in knock-limited power v/ith a large increase in most cyl- 
inder tempera tijres. The. temperature of the middle rear barrel 
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decreased to a minimum at a spark adv^mce of about 2^ B.T.O. and 
then increased greatly. The engiri',! operated irreg^ilarly for spark 
timings later than 1^*^ B.T.G., vjhicn necessitated an advance in 
spark timing to observe the trendo 

CONCLUSIONS 

From tests made on an air-cooled aircraft-engine cylinder to 
determine the effect of various methods of increasing knock-limited 
poTjer on cylinder tengseratures, the follov/ing conclusions can be 
dravvTi : 

1. From the consideration of external and internal cylinder 
temperatures, the most satisfactory method of increasing the knock- 
limited pov/er vras tqj internal cooling v.dth water and the least 
satisfactory ivas by increasing the engine speed* 

2. As the knock-limited pov/er v;as increased by lowering the 
inlet-air temperature, neither the external nor the internal cyl- 
inder temperatures v/ere appreciably increased* 

Aircraft Engine Research laboratory. 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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Figure 1, - Mrfghf 8-2600-8 single cylinder test engine setup 
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Figure 2, - Vright R"^2600-8 single cylinder test-engine- 
cool ing-oi r system* 
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Figure 3. - Location of the thermcouples on yri^gtit R-2600-8 
cylinder. - 
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Figure 4. - internal-coolant injectJon nozzle in 
bright H-2 600-8 cylinder. 



NACA ARR NO. £4115 



Fig 



170 



160 



150 



S 120 



110 



100 



go 



NATIONAL ADVISOKr 
COMMITTEE FOR AERONAUTICS 










































































































































































































































































































































0 V 


jter- 


fuel 


ratio 






























P c 


sark 

imbue 
3olln 


tlmls 

;lon» 

f— air 


Z 

air t 


imper 




























0 E 

A F 


iglne 
lel-a 


spee 
Lr r« 


i 

£lo 












• 




































































































































































































/ 




I 














































































- 
























































/ 




































T 

































> 

















































































































































































00 



1500 



ISO 



1700 



160 



10 



1900 



Puel-alr ratio 
200 240 200 320 

Coubustloa-alr temperature, T 

.0 .1 .2 ,lv 

Water-fuel ratio 
15 20 85 30 

(^oolln^alr oyllnfler pressure drop, Ap« In. HgO 



.5 



.6 



15 



20 



ItO 



2100 S3OO 2500 2700 

ftwlne epeed, rp 
25 30 35 

Spark timing, deg 6<T.C. 

Figure 5» - Variation of knoek-lloited Indicated Ijorsepover with fuel-air ratio, inlct-alr tem- 
perature, water Injection, cooling-air flow, engine speed, and spark timing. Wright R-2600-S 
front-row cylinder; fuel, AN-P-25; eompresslon ratio, 6.9; cooling-air temperature, S5° F: 
oil-in tettperature. 185*> F. 
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Knock-limited ibp 

rieure 6. - Variation of Inlet-alr pressure, Indlcatea specific fuel and liquid consumptlona, and 
combustlon-alr flow with knock-limited Indicated horsepower for Tarylng operating conditions. 
VrlBht R-2600-J5 front-row cylinder; fuel, AN-F-2g; ecmpression ratio, 6.9; ooolln&-air 
temperature, 85** I"; oil-in temperature, 1S5 F. • 
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FiguTG 7. - Variation of rear spark-plug-bUGhlng AT with knock-limited Indicated horsepower for 
varying operating conditions . Wright R-260O-8 front-row cylinder; fuel, A»-F-2g; compression 
ratio, 6.9; eoollns-air temperature, fljo P; oll-ln temperature, IBS* F, A? is the difference 
between the temperature In question and the 'ooollag^air temperature. 
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Figure a. - Variation of mlddle-rear-barrel AT with knock-llnlted Indicated horsepower for 
varying operating conditions, l^l^t R~2600-S front-row cylinder; fuel, AN-F-2S; compression 
ratio, 6.9; ooollng-alr tsmperature, 55° P; oll-ln temperature, 185° tne difference 

between toe temperature in question and the eooline-alr temperature. 
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Figure 9> - Variation of exhaust-valve •orown AT vith knook-llmlted Indicated horsepower for 
varying operating conditions. Wright R-2600-8- front-row cylinder; fuel, AK-E'-®; compression 
ratio 6.9; cooling-air temperature, SS" 7; oil-in temperature, 185 ^* M Is the difference 
between the temperature In question and the coolin^ai'r tenperature. 
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Figure 10. - Variation of front spark-plus-eleotro4e AT with knoek-limlted IndloatecL horsepower 
for vaTTlng operating conditions. Wright R-2600-8 front-row cylinder; fuel, AH-P-26; com- 
pression ratio* 6,9; coollng-alr temperature, <55® F; oil-in temperature, ISSy Is the 
dlffereaee betwe'en the ten^erature In question and the cooling-air tenperature. 
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iKure 11. - Variation of rear sparlc-plug^eotpode AT vith knooK-iimitett maica-cea nors( 
for varying operating conditions. Wright R-2600-g front-rov cylinder; fuel, AH-F-28; 
compr«sion ratio, sfsj eooling-alr teiperature. 85* 5"; oil-in temperature, ISS" t 
the difference hetwoen the temperature in question and the cooling-air temperature. 
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Flgur* 12. - Variation of exhaust-gas AT with taodc-llmlted indicated hcraepower for rarylng 
operating conditions. Vrigbt R-2600-8 front-rov cylinder; fuel, AR-F-28; coapresslon 
ratio, 6.9; cooling-air teaperature, 63" f; oil-in temperature, 165^ r, AT Is the difference 
between the teiq;>erature in question and the cooling-air teoperature. 
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